Toll-like receptors (TLRs) and the receptors for interleukin (IL)-1, IL-18 and IL-33 are required for defence against microbial pathogens but, if hyper-activated or not switched off efficiently, can cause tissue damage and inflammatory and autoimmune diseases. Understanding how the checks and balances in the system are integrated to fight infection without the network operating out of control will be crucial for the development of improved drugs to treat these diseases in the future. In this Cell Science at a Glance article and the accompanying poster, I provide a brief overview of how one of these intricate networks is controlled by the interplay of protein phosphorylation and protein ubiquitylation events, and the mechanisms in myeloid cells that restrict and terminate its activation to prevent inflammatory and autoimmune diseases. Finally, I suggest a few protein kinases that have been neglected as drug targets, but whose therapeutic potential should be explored in the light of recent advances in our understanding of their roles in the innate immune system.
Introduction
The interaction of components of bacterial and viral pathogens with Toll-like receptors (TLRs), or the activation of the receptors for interleukin 1 (IL-1), IL-18 or IL-33. leads to the recruitment of the adaptor molecules myeloid differentiation primary response gene 88 (MyD88) and/or Toll-interleukin receptor domain containing adaptor-inducing interferon-b (TRIF, also known as TICAM1), and switches on signalling networks that induce the production and secretion of pro-inflammatory cytokines, chemokines, interferons (IFNs) and other anti-microbial agents (collectively referred to here as inflammatory mediators), which mount responses to fight infection by pathogens. MyD88-dependent signalling is vital for defence against pyogenic bacteria in young children (Picard et al., 2010; Picard et al., 2011) , whereas the TRIF-dependent production of interferon b (IFNb) is essential for protective immunity to herpes simplex virus infection of the central nervous system in childhood (Herman et al., 2012) . IL-1 stimulates the production of inflammatory cytokines and chemokines by T cells and other immune effector cells, whereas IL-18 is a potent inducer of IFNc, a cytokine with important immuno-stimulatory functions. IL-33 stimulates Th2 cells, mast cells, eosinophils and basophils to produce type 2 cytokines, such as IL-4, IL-5 and IL-13, which stimulate the proliferation of B and T cells and have other important immune-modulatory functions (reviewed by Dinarello, 2011; Garlanda et al., 2013) .
If activated too strongly and/or not removed efficiently once they have served their purpose, inflammatory mediators cause tissue damage and inflammatory and auto-immune diseases, including arthritis, asthma, colitis, lupus, psoriasis and sepsis. Moreover, a somatic mutation in MyD88 that changes Leu265 to Pro activates this signalling network constitutively, and underlies a third of diffuse large B-cell lymphoma (DLBCL) (Ngo et al., 2011) and 90% of Waldenstrom's lymphoma (Treon et al., 2012) . Drugs that suppress these signalling networks therefore have the potential to improve the treatment of many diseases. Here, I briefly review the signalling network that is initiated when MyD88 is recruited to TLRs or the IL-1, IL-18 and IL-33 receptors, and the mechanisms that restrict activation of the network to prevent inflammatory and autoimmune diseases (see Poster).
How the signalling network is activated Formation of the Myddosome and roles of the IRAKs
The recruitment of MyD88 to the intracellular domains of the receptors is one of the first events that follows their activation (Kawai and Akira, 2010) . Interleukin receptor associated kinase 4 (IRAK4) is then recruited to MyD88, followed by the interaction of IRAK1, IRAK2 and/or IRAK3 with IRAK4 to form a complex known as the Myddosome (Motshwene et al., 2009; Lin et al., 2010) . IRAK1 is activated upon recruitment to the Myddosome and its kinase function is critical for the production of interferon b (IFNb) in plasmacytoid dendritic cells (pDCs) Pauls et al., 2013) by nucleic acids, mainly of viral origin, which are the agonists for TLR7, TLR8 and TLR9 (Box 1). The catalytic activity of IRAK1 also contributes to the acute phase of caspase-1 activation by a multi-protein oligomer called the inflammasome, which induces the production and secretion of IL-18 (Fernandes-Alnemri et al., 2013; Lin et al., 2013) . However, IRAK1 catalytic activity is not required for IL-1-or TLR-agonist-stimulated signal propagation or for the production of inflammatory mediators in mouse macrophages Pauls et al., 2013) . In contrast, the catalytic activity of IRAK4 is crucial for the MyD88-dependent activation of mitogen-activated protein kinases (MAPKs) and production of inflammatory mediators, as judged by experiments with cells from knock-in mice that express catalytically inactive mutants of IRAK4 (Kawagoe et al., 2007; Kim et al., 2007; Koziczak-Holbro et al., 2007; Koziczak-Holbro et al., 2008; Pennini et al., 2013) . By contrast, IRAK2 and IRAK3, lack amino acid residues that are essential for catalysis by most protein kinases and display negligible kinase activity when they are expressed in mammalian cells (Wesche et al., 1999) . They are therefore probably inactive 'pseudokinases', but the role(s) of their pseudokinase domains has not yet been established.
IRAK-1, -2 and -3 possess C-terminal extensions containing Pro-Xaa-Glu motifs that interact with the E3 ubiquitin protein ligase tumor necrosis factor (TNF)-receptor-associated factor 6 (TRAF6), which is an essential protein in this network as discussed below (Ye et al., 2002) . The IRAK-TRAF6 interaction appears to be crucial for signal propagation, because macrophages from knock-in mice expressing an IRAK2 mutant that is defective in binding to TRAF6 fail to produce significant amounts of the pro-inflammatory cytokines IL-6, IL-12 and TNF in response to TLR agonists that signal specifically through MyD88. The plasmacytoid dendritic cells (pDCs) from these mice are also defective in IFNa production by ligands that Box 1. Production of type 1 interferons by pDCs pDCs are a dendritic cell specialized for the production of type 1 IFNs in response to nucleic acids of viral and bacterial origin. Single-stranded RNA activates TLR7 and TLR8, whereas unmethylated CpG sequences activate TLR9. In contrast to TLR1, 2, 5 and 6, which are localised to the plasma membrane, TLRs 7-9 are localised to the endosomal membranes of pDCs. The pDCs produce copious amounts of type 1 IFNs and are a major systemic source of IFNa, at least in mice (Cella et al., 1999) . This seems to depend on their endosomal location and on their high levels of interferon regulatory factor 7 (IRF7), which is expressed constitutively in these cells. IRF7 is an essential transcription factor for type 1 IFN production by murine pDCs . Although type 1 IFN production is not impaired in pDCs from IRF5-deficient mice , small interfering RNA (siRNA) knockdown studies have indicated that IRF5 is crucial for type 1 IFN production by human pDCs (Steinhagen et al., 2013) or the human monocyte cell line THP1 (Schoenemeyer et al., 2005) . IRF5 is also a susceptibility factor associated with increase risk of lupus in humans (e.g. Graham et al., 2006; Graham et al., 2007; Kelly et al., 2008) , a disease linked to the overproduction of type 1 IFNs by pDCs (Barrat et al., 2005) . IRF7 Uematsu et al., 2005) and IRF5 (Steinhagen et al., 2013) undergo translocation from the cytosol to the nucleus in response to TLR7 or TLR9 agonists in pDCs, which might underlie their activation. However, the molecular mechanism for activation is unclear, as is how the signalling network is rewired in pDCs to produce type 1 IFNs. The catalytic activity of IRAK1 is required for IFNb production, whereas the interaction of IRAK2 with TRAF6 is required for IFNa production by pDCs (Pauls et al., 2013) . IKKa (Hoshino et al., 2006) and IKKb also play essential roles in IFN production by pDCs but by an NFkB-independent mechanism (Pauls et al., 2012) . IRF7 has also been reported to interact with both MyD88 and TRAF6 (Kawai et al., 2004) . More research is needed to investigate if and how these protein kinases activate IRF5 and IRF7. pDCs are a good illustration of how the signalling network can be rewired in different cells and how it can vary between mice and men.
activate TLR7 and TLR9 (Pauls et al., 2013) . Interestingly, in mouse macrophages, the IRAK2-TRAF6 interaction only becomes rate limiting for activation of the protein kinase inhibitor of kB (IkB) kinase b (IKKb) and for pro-inflammatory cytokine mRNA formation after IRAK1 disappears from the cells ,2 hours after activation of signalling has been initiated. Prior to this, the network might be driven by IRAK1, or by IRAK1 and IRAK2 functioning redundantly with one another (Kawagoe et al., 2008; Pauls et al., 2013) . The role of IRAK3 [also called IRAKM because of its high level of expression in macrophages (Wesche et al., 1999) ] is not clearly understood. IRAK3-deficient mice overproduce pro-inflammatory cytokines in response to the TLR4 ligand lipopolysaccharide (LPS) and hence are more susceptible to septic shock, suggesting that one role of IRAK3 is to restrict the production of inflammatory mediators, perhaps by competing with IRAK1 and IRAK2 for binding to IRAK4 . However, IRAK3 has been recently reported to exert its effects by stimulating the production of negative regulators of the MyD88 signalling network (Zhou et al., 2013) .
A crucial role for the protein kinase TAK1
The IL-1-stimulated activation of the canonical IKK (IkB kinase) complex, the p38 family of MAPKs and the c-Jun N-terminal kinases (JNKs) does not occur in embryonic fibroblasts from mice that lack the expression or activity of transforming growth factor b-activated kinase-1 (TAK1, also known as MAP3K7) Shim et al., 2005) , indicating an essential role for TAK1 in the signalling network of these cells. The canonical IKK complex comprises the IKKa and IKKb catalytic subunits in a complex with a regulatory component, called nuclear factor kB (NF-kB) essential modulator (NEMO; also known as IKKc) (Rothwarf et al., 1998; Yamaoka et al., 1998) . IKKb has multiple functions in the signalling network (Häcker and Karin, 2006; Clark et al., 2013) . For example, it catalyses the phosphorylation of the p65 subunit of NF-kB (also known as RelA) and of the associated inhibitory protein IkBa. Phosphorylation of IkBa permits its recognition by the E3 ligase complex SCF bTrCP (the SKP1-cullin-1-F-box complex containing bTrCP), leading to its Lys48-linked ubiquitylation and proteasomal degradation. The resulting p65-p50 complex (p50 is the mature subunit encoded by NFKB1) then enters the nucleus and activates NF-kB-dependent genes. Additionally, IKKb mediates the phosphorylation of the precursor form of NF-kB1 (p105), which also leads to its ubiquitylation by SCF bTrCP and proteasomal degradation, as well as converting p105 into the mature p50 form in the NF-kB (p65-p50) complex through an SCF bTrCP -independent mechanism . The p105 subunit interacts with MAPK kinase kinase 8 (MAP3K8, also known as TPL2 or COT) and its degradation activates TPL-2 (Waterfield et al., 2004) , enabling this protein kinase to switch on MAPK kinases 1 and 2 (MKK1, MKK2, also called MEK1, MEK2 and MAP2K1, MAP2K2), the activators of extracellular signal-regulated kinase (ERK)1 and ERK2 (also known as MAPK3 and MAPK1, respectively) (Dumitru et al., 2000) . TPL-2 might have additional, as yet unidentified, substrates that control the secretion of the proinflammatory cytokine TNF . Together, the protein kinases that are activated downstream of TAK1 (see Poster) phosphorylate hundreds of proteins that control the transcription, mRNA stability, translation, processing and secretion of inflammatory mediators in immune cells (reviewed by Perkins, 2007; Arthur and Ley, 2013) . A key unsolved problem in this area is how the signalling network induces the activation of interferon regulatory factor 5 (IRF5), a transcription factor essential for the production of IL-12 and other pro-inflammatory cytokines in macrophages and conventional dendritic cells , and for IFNb production by pDCs (Box 1).
The essential roles of TRAF6 and polyubiquitin chains in activating TAK1 and canonical IKK complexes TRAF6 has an essential role (Lomaga et al., 1999) in coupling the formation of the Myddosome to the activation of TAK1. IL-1 has been shown to fail to trigger activation of the canonical IKK complex or of MAPKs in TRAF6-deficient fibroblasts, but signalling is restored if TRAF6 is re-expressed in these cells (Walsh et al., 2008; Clark et al., 2011b) . Owing to its E3 ubiquitin ligase activity, TRAF6 can catalyse the formation of Lys63-linked polyubiquitin (K63-pUb) chains in vitro in the presence of UBE2N-UBE2V1, an E2 conjugating enzyme complex that directs the formation of K63-pUb linkages. Moreover, K63-pUb chains can induce the activation of the TAK1 complex in vitro (Wang et al., 2001) . Two TAK1 complexes are present in cells, where the TAK1 catalytic subunit is associated with TAK1-binding protein 1 (TAB1) and either TAB2 or TAB3 (Cheung et al., 2004) . TAB2 and TAB3 are ubiquitin-binding proteins (Kanayama et al., 2004 ) that interact specifically with K63-pUb chains (Kanayama et al., 2004; Kulathu et al., 2009 ). It has therefore been proposed that TRAF6-generated K63-pUb chains interact with TAB2 or TAB3, and induce conformational changes that result in the auto-activation of TAK1 (Wang et al., 2001; Xia et al., 2009) . Consistent with this hypothesis, the IL-1-stimulated activation of IKKb and MAPKs, as well as the formation of the K63-pUb chain, is greatly reduced in Ubc13-deficient cells (Emmerich et al., 2013) . Moreover, TRAF6 mutants unable to interact with Ubc13 (Yin et al., 2009) or an E3 ligase-inactive mutant of TRAF6 (Walsh et al., 2008) failed to rescue signalling in TRAF6-deficient mouse embryonic fibroblasts (MEFs). These observations and the finding that TRAF6-generated K63-pUb chains can activate TAK1 in vitro (Wang et al., 2001; Xia et al., 2009) suggest that TRAF6-generated K63-pUb chains activate TAK1 in cells. However, in the IL-17 signalling network, where TRAF6 is also an essential protein, ACT1 and not TRAF6 is thought to be the E3 ligase that generates the K63-pUb chains needed to switch on TAK1, with TRAF6 functioning as a coupling factor in this process . Other E3 ligases that are capable of generating K63-pUb chains in the presence of UBE2N-UBEV1, such as the Pellino isoforms, become activated in response to IL-1 (Smith et al., 2009; Goh et al., 2012) and Pellino-generated K63-pUb chains can activate TAK1 in vitro as effectively as TRAF6-generated K63-pUb chains (S. Strickson and P.C., unpublished work). Therefore, although TRAF6 might be the E3 ligase that generates the K63-pUb chains needed to activate TAK1 in vivo, the evidence is not yet definitive, and TRAF6 could still prove to have another essential role in coupling the Myddosome to the activation of TAK1 and the canonical IKK complex.
Although K63-pUb chains are required for the activation of TAK1, and hence for the activation of p38 MAPKs and JNKs, the formation of Met1-linked ubiquitin (M1-pUb) chains is also necessary for activation of the canonical IKK complex. Thus the IL-1-stimulated activation of IKKa and IKKb is greatly reduced in MEFs from mice in which components of the M1-pUbgenerating E3 ligase linear ubiquitin assembly complex (LUBAC) are inactive (Emmerich et al., 2013) or absent (Tokunaga et al., 2009) . Activation of the IKKs is also defective in cells expressing mutants of NEMO that are unable to interact with pUb chains (Hubeau et al., 2011) . NEMO binds to M1-pUb chains with a 100-fold higher affinity than K63-Ub chains in vitro Rahighi et al., 2009 ). These observations suggest that the interaction of M1-pUb chains with NEMO is needed to facilitate the TAK1-mediated activation of IKKa and IKKb (Bloor et al., 2008) .
Interestingly, nearly all the M1-pUb chains formed in response to IL-1 or the TLR1/TRL2 agonist Pam 3 Csk 4 are attached covalently to K63-pUb chains, and the formation of K63-pUb chains is a prerequisite for the production of these M1-pUb chains (Emmerich et al., 2013) . HOIP, the catalytic subunit of LUBAC, interacts specifically with K63-pUb chains (Emmerich et al., 2013) , probably through its NZF domains (Haas et al., 2009 ), explaining why pre-formed K63-pUb oligomers are the preferred substrate for LUBAC in the signalling network. The formation of these K63/M1-pUb hybrid molecules permits the co-recruitment of the TAK1 and canonical IKK complexes to the same pUb chain, thereby facilitating the TAK1-mediated activation of the IKKs.
How activation of the signalling network is restricted to prevent autoimmune disease A plethora of mechanisms have evolved to prevent hyperactivation of the signalling network and the overproduction of inflammatory mediators. The protein A20-binding inhibitor of NF-kB1 (ABIN1, also known as TNIP1) possesses a similar ubiquitin-binding domain to NEMO (Heyninck et al., 2003) . Myeloid and B cells of mice that express a pUb-binding-defective mutant of ABIN1 [ABIN1(D485N)] display enhanced activation of the TAK1 and canonical IKK complexes and produce more IL-6 and IL-12 than wild-type cells. The mutant B cells also proliferate more rapidly in response to TLR ligands (Nanda et al., 2011) . The ABIN(D485N)-expressing mice develop all the hallmarks of autoimmunity and succumb to a disease that resembles Type III and Type IV lupus in humans, termed lupus nephritis (Nanda et al., 2011; Caster et al., 2013) . Interestingly, polymorphisms in the human gene encoding ABIN1 predispose individuals to several autoimmune diseases (Han et al., 2009; Nair et al., 2009; He et al., 2010; Gregersen et al., 2012; Yang et al., 2013) . Autoimmunity in ABIN1(D485N) knock-in mice is suppressed when they are crossed to MyD88-deficient mice, demonstrating that the aberrant activation of the signalling network underlies the phenotype (Nanda et al., 2011) . These observations establish that the interaction of ABIN1 with K63-pUb and M1-pUb hybrid chains restricts the activation of the network to prevent autoimmunity. A20 (also known as TNFAIP3 and TNAP3), an ABIN1-interacting protein (Heyninck et al., 1999) , also binds to K63-pUb and M1-pUb chains through ZNF domains that are located towards its C-terminus (Skaug et al., 2011; Tokunaga et al., 2012; Verhelst et al., 2012) . Mice that express a pUb-binding defective mutant of A20 (Lu et al., 2013) or lack expression of A20 in enterocytes (Vereecke et al., 2010) are more sensitive to experimental ulcerative colitis, an inflammatory disease of the intestine. In contrast, the specific deletion of A20 in myeloid cells triggers erosive polyarthritis in mice, a disease resembling rheumatoid arthritis in humans (Matmati et al., 2011) . Similar to ABIN1, human polymorphisms in the gene encoding A20 predispose individuals to autoimmune diseases (Musone et al., 2008; Adrianto et al., 2011) . IKKa might also restrict the activation of NF-kB by phosphorylating Tax1-binding protein 1 (TAX1BP1) (Shembade et al., 2011) , a protein reported to interact with TRAF6, ABIN1 (Gao et al., 2011) and A20 (Shembade et al., 2010) .
The IKK-related kinases, IKKe and TANK-binding kinase-1 (TBK1), form a complex with the canonical IKKs (IKKa and IKKb) owing to an interaction between NEMO and TRAF family member-associated NFkB activator (TANK) (Clark et al., 2011a) . In this complex, the IKK-related kinases decrease the activity of IKKa and IKKb by phosphorylating inhibitory sites that are located within the NEMO-interacting domain of IKKa and IKKb (Clark et al., 2011b) . This complex is disrupted in TANKdeficient fibroblasts and macrophages, thereby preventing the IKK-related kinases from restricting the activity of the canonical IKKs (Clark et al., 2011a) . This might explain why, similar to the ABIN1(D485N) mice, TANK-deficient mice, develop a disease resembling lupus nephritis (Kawagoe et al., 2009) .
The p38a MAPK (also known as MAPK14) exerts an important feedback control on the signalling network by suppressing the activity of TAK1 through the phosphorylation of several sites on its components TAB1, TAB2 and TAB3 (Cheung et al., 2003; Mendoza et al., 2008) . The mitogen and stress-activated protein kinase (MSK) isoforms, MSK1 and MSK2 (also known as RPS6KA5 and RPS6KA4, respectively), which are activated by p38a MAPK and ERKs in vivo (Wiggin et al., 2002) , phosphorylate the transcription factor cyclic AMP response element-binding protein (CREB), triggering the rapid transcription of CREB-dependent genes (Ananieva et al., 2008) . These include dual specificity phosphatase 1 (DUSP1), which restricts activation of the MyD88 signalling network by dephosphorylating and inactivating p38 MAPKs and JNKs (reviewed by Arthur and Ley, 2013) . DUSP1 is also induced by glucocorticoids, and this underlies some of their antiinflammatory effects (Abraham et al., 2006) . CREB also stimulates transcription of the gene encoding IL-10, the most important anti-inflammatory cytokine (Ananieva et al., 2008) . IL-10 has pleiotropic effects on the immune system, which it exerts by activating Janus kinase (JAK) family members, thereby enabling them to phosphorylate and activate the transcription factor signal transducer and activator of transcription 3 (STAT3). STAT3, in turn, induces the synthesis of negative regulators of the immune system, such as the suppressor of cytokine synthesis 3 (SOCS3). One key action of IL-10 is to transform macrophages from an M1 'inflammatory' phenotype that produces high levels of pro-inflammatory cytokines and low levels of anti-inflammatory molecules, to an M2b 'regulatory' phenotype that produces low levels of proinflammatory cytokines and high levels of anti-inflammatory molecules, such as IL-1-receptor antagonist (IL-1ra, or IL1RN ) and arginase 1 (Mosser and Edwards, 2008; Sica and Mantovani, 2012) . The formation of regulatory macrophages appears to be crucial for the termination of the inflammatory response.
The transcriptional activity of CREB in mouse macrophages is greatly enhanced by its interaction with CREB regulated transcription co-activator 3 (CRTC3) (Clark et al., 2012) . In M1 macrophages, CRTC3 activates CREB weakly because most of it is sequestered in the cytosol in an inactive phosphorylated form. The phosphorylation of CRTC3 is catalysed by saltinducible kinase 2 (SIK2), and perhaps also by SIK1 and/or SIK3 (Clark et al., 2012) . The dephosphorylation of CRTC3 can be triggered by pharmacological inhibition of SIKs or by agonists that elevate cyclic AMP and activate cyclic-AMP-dependent protein kinase (PKA), leading to the PKA-catalysed inactivation of SIK2 (MacKenzie et al., 2013) . The dephosphorylation of CRTC3 induces its nuclear entry, where it interacts with CREB to stimulate the transcription of CREB-dependent genes (Clark et al., 2012) . Prostaglandin E2 (PGE2), which is produced and secreted after prolonged activation of the MyD88 signalling network, is one cyclic AMP-elevating agent that induces the inhibition of SIK2. This can account for the synergistic increase in IL-10 production that is observed when macrophages are stimulated with the TLR4 agonist LPS in the presence of PGE2 (MacKenzie et al., 2013) .
The cyclic AMP phosphodiesterase 4 (PDE4) inhibitor Rolipram enhances LPS-stimulated IL-10 production, converting macrophages from the M1 to the M2b phenotype, and this might underlie the anti-inflammatory effects of PDE4 inhibitors (Sommer et al., 1995) . Interestingly, pharmacological inhibition of the SIKs suppresses pro-inflammatory cytokine production in macrophages from IL-10-deficient mice (Clark et al., 2012) , indicating that this occurs by a mechanism that is independent of the rise in IL-10.
Other ways in which the signalling network might be restricted are summarized in Box 2. The mechanisms deployed to prevent the overproduction of inflammatory mediators and the onset of inflammatory and autoimmune diseases are depicted in the poster.
Targeting kinases to develop improved anti-inflammatory drugs
Although there is still much to learn about the signalling network described in this article, considerable advances have been made in recent years in understanding how it operates and is controlled. This presents an opportunity and a challenge to develop improved drugs to treat inflammatory and autoimmune diseases that suppress the production of inflammatory mediators without having adverse consequences. A plethora of feedback loops and other devices are in operation to restrict the production of inflammatory mediators and prevent autoimmunity. It might therefore be desirable to avoid developing drugs that inhibit network components that participate in these feedback control mechanisms or control the production of anti-inflammatory molecules, as well as pro-inflammatory molecules. For example, the dose-limiting adverse effects of p38 MAPK inhibitors encountered in clinical trials for rheumatoid arthritis might be explained by the loss of such feedback control mechanisms and/or by the involvement of this protein kinase in other physiological processes that are unrelated to innate immunity.
The IRAK family of protein kinases functions specifically in the MyD88 signalling network and they thus merit further evaluation as drug targets. Current efforts appear to be focused on the development of IRAK4 inhibitors, whereas IRAK1 and IRAK2 have been neglected as potential drug targets. The catalytic activity of IRAK1 is crucial for type 1 IFN production by pDCs but is not required for cytokine production by macrophages Pauls et al., 2013) . IRAK1 inhibitors could therefore have therapeutic potential for the treatment of autoimmune diseases that are linked to the overproduction of type 1 IFNs by pDCs (Barrat et al., 2005) . They might also reduce IL-18 secretion by inflammasomes, and so reduce IL-18-stimulated production of type II interferon (IFNc) by T cells, which is associated with severe inflammatory reactions, and autoimmune and other diseases Sutinen et al., 2012) . In mouse and human macrophages, IRAK2 is required for the TLR-dependent production of proinflammatory cytokines (Flannery et al., 2011; Pauls et al., 2013) . However, the IRAK2-TRAF6 interaction becomes rate limiting for pro-inflammatory cytokine production in mouse macrophages only after IRAK1 disappears from the cells after prolonged TLR stimulation. As a consequence, the loss of IRAK2 function only has a modest effect on the levels of some anti-inflammatory proteins, such as DUSP1 and IL-10, which are mainly produced before IRAK2 becomes rate limiting (Pauls et al., 2013) . Compounds that disrupt the interaction of IRAK2 with TRAF6, or interfere with the function of its pseudokinase domain, might therefore have utility for the treatment of inflammatory and autoimmune diseases, if IRAK2 functions similarly in mice and men.
The SIK subfamily of protein kinases also represents an interesting new drug target. SIK inhibitors greatly enhance the production of IL-10 and suppress the production of proinflammatory cytokines in response to TLR ligands, switching macrophages from the M1 to the M2b phenotype (Clark et al., 2012) . This suggests that SIK inhibitors might only exert their effects at sites of inflammation, thereby enhancing IL-10 production and increasing the formation of regulatory M2b macrophages where they are needed to terminate the inflammatory response. Such drugs might have efficacy for a Box 2. Additional ways in which activation of the MyD88-dependent signalling network might be restricted in myeloid cells
MyD88s is an alternatively spliced variant of MyD88, which lacks the short intermediate region between the death domain and receptor-interacting domain and cannot interact with IRAK4 or activate the signalling network (Burns et al., 2000; Burns et al., 2003) . It might therefore function to restrict activation of the signalling network if cellular control mechanisms exist that can trigger the replacement of MyD88 by MyD88s. Toll-interacting protein (TOLLIP) interacts with the IL-1 accessory protein (IL1RAcP), IRAK1 (Burns et al., 2000) and TLRs (Zhang and Ghosh, 2002) , and might restrict TLR and IL-1R signalling networks by targeting ubiquitylated IL-1R and TLRs to endosomes for degradation (Bulut et al., 2001; Brissoni et al., 2006; Didierlaurent et al., 2006) . How and if this process is regulated is unclear. IRAK1 phosphorylates TOLLIP in vitro and in overexpression studies, but the rigorous experiments needed to establish whether the endogenous TOLLIP is phosphorylated in response to TLR ligands and IL-1, the protein kinases that might mediate these effects and the role of phosphorylation have yet to be addressed. FADD (Fas-associated death domain) is a protein that may attenuate the TLR4, TLR2 and IL-1R signalling networks by interacting with IRAK1 and MyD88 (Zhande et al., 2007) , but how this might be regulated is unclear. The protein kinases MK2 and MK3 (also known as MAPKAP-K2 and MAPKAP-K3, respectively) activate phosphatidylinositol 3-kinases (PI3Ks) in macrophages by an unknown mechanism and therefore elevate the intracellular level of phosphatidylinositol (3,4,5)-trisphosphate (PtdInsP 3 ) . This suppresses the TLR-stimulated production of IL-12 and increases the production of IL-10, as judged by the effects of PI3K inhibitors (reviewed by Brown et al., 2011) . The protein tyrosine phosphatase SHP1 (also known as PTPN6) restricts activation of the signalling network, because mice expressing the SHP1(Y208N) mutant (Croker et al., 2011) or lacking SHP1 expression in neutrophils (Abram et al., 2013) overproduce pro-IL-1 and develop a severe cutaneous inflammatory disease that is IL-1R-dependent. The specific deletion of the SHP1 gene in dendritic cells causes autoimmunity owing to exaggerated activation of the MyD88-dependent signalling network (Croker et al., 2011; Abram et al., 2013) .
number of inflammatory conditions, and avoid the serious side effects of PDE4 inhibitors, PGE2 and glucocorticoids.
Conclusions
The major intracellular signalling network triggered by the activation of TLRs and the IL-1, IL-18 and IL-33 receptors is remarkably intricate. This complexity is needed to ensure that the correct amounts of inflammatory mediators are delivered to combat infection by a myriad of pathogens, but without causing severe tissue damage to the host or leading to inflammatory and autoimmune diseases. To prevent the overproduction of inflammatory mediators and to resolve inflammation once it has served its purpose, a plethora of checks and counterbalances have evolved to restrict the strength and duration of activation of the network (see Poster). The advances made in understanding this system in recent years have been impressive and are now helping to identify new targets for therapeutic intervention. Finally, this signalling network does not operate in isolation in vivo but is integrated with others not discussed in this article that are triggered by the interaction of microbial components with cytosolic receptors, such as the NOD1 and NOD2 receptors that respond to bacterial peptidoglycan components and the RIGI-like receptors that are activated by viral nucleic acids.
